A method is presented for analyzing the steady-state or stationary random heave response of suspended underwater systems. The nonlinear continuous system is replaced by a discretized pseudoLinear system by means of an equation difference minimization technique. The resulting pseudolinear system is solved by an iterative scheme. An example of the application of the proposed method of analysis to a suspended hydrophone system is given. The example shows that the nonlinear pressure drag forces have a very significant effect on the over-all response of the system. The nature of the response is discussed and some practical conclusions axe given.
INTRODUCTION
Dynamic heave response is an important consideration in a variety of suspended underwater structures, including deep-sea drilling systems, recovery systems, and acoustical detection systems. There is some experimental data on the heave response of certain specific structures, • but in general the available data is quite limited. In the absence of experimental data for a given system configuration, the response must be estimated on the basis of theoretical analysis. The techniques used in such an analysis might be exact or approximate but should treat the problem in a manner which is both physically and mathematically consistent.
If all system nonlinearities are neglected, the analysis of a suspended underwater system becomes a very straightforward linear problem. There are many techniques available for solving this type of problem. When significant system nonlinearities such as hydrodynamic pressure drag forces are included, the theoretical Each of the elements in the discretized system of Fig. 1 (b) is assumed to be subject to a hydrodynamic drag force which is a function of the velocity of the element. In the case of the buoy, it is assumed that the drag force is a function of the relative velocity of the buoy and sea. In all other cases, the drag force is assumed to be a function of the absolute velocity of the element. The hydrodynamic drag force on the buoy will be denoted by h,0)b--•),), on the ith element of the cable by h•0)s) and on the payload by As a consequence of the above assumptions, the differential equations of motion of the system may be 
The value of y to be used in Eq. 8 is the solution of Eqs. 6. The mean value in the minimization criterion Eq. 7 will be interpreted differently, depending on whether the system is deterministic or nondeterministic. The accuracy of the generalized equivalent linear system approach has been examined for simple deter- 
where z denotes any one of the dependent response variables of the system or combinations therefore. If the excitation process y,(t) is Gaussian distributed, the response processes assodated with the auxiliary linear system will also be Gaussian distributed and 1 i2 As an example of the application of the present technique of analysis, consider the problem of determining the heave response of a suspended hydrophone array. In order to simplify the analysis but still retain the basic character of the real problem, it will be assumed that the primary source of pressure drag damping is the hydrophone or payload itself; that is, it will be assumed that ½•=ci=0; j=l, --., N. For this particular case• the response will be a function of the following system parsneerers: Hence, this form of damping tends to be more effective than viscous damping at high amplitudes of response and less effective at low amplitudes.
Figure 2 also indicates the manner in which the steady-state response changes as the buoy frequency decreases; i.e., the buoy becomes more "spar"-like. As expected, a finite buoy frequency introduces a highfrequency roll off which suppresses most of the higher mode peaks. Note, however, that the over-all peak response of the system with a finite buoy frequency is greater than that for the system with fb--,oo for all This is due primarily to a downward shift in the peak of the excitation spectrum as the wave height increases. Figure 6 indicates the dependence of the response on the buoy frequency fb and buoy mass ratio 6b for the system f•= 1.0 Hz, 6c--0.1, and /*= 10.0 ft. By comparison with the case fb--• •o, it is seen that the compliant buoy is effective in reducing the response for significant wave heights below some particular level but causes an increased response above that level. This crossover level is primarily a function of the buoy natural frequency. Whether or not the buoy is helpful or detrimental will depend upon how low its natural frequency can be made. The buoy mass ratio •b has much less effect on the response than the buoy natural frequency. The major effect of increasing the buoy mass is to increase the response of the system in the region of greatest input-output amplification. This is due primarily to the fact that the damping becomes less effective in limiting the motion of a more massive system. Figure 7 shows how the response depends upon the cable mass ratio •c. For the systems considered, it is concluded that the response is relatively insensitive to this particular parameter. This is most likely a consequence of the range of values of •c considered and the high effective damping of the higher modes of the cable system as discussed earlier in connection with the steady-state response.
V. SUMMARY AND CONCLUSIONS
An approximate method for determining the steadystate or stationary random heave response of suspended underwater systems has been presented. In the proposed approach, the nonlinear discrete-continuous system is replaced by a fully discretized pseudolinear system using an equation difference minimization technique. As a consequence of the chain-like character of the simple suspended system, the effective transfer function for any point in the system is easily determined. The resulting pseudolinear system may be solved by an iterative scheme.
The proposed analysis technique has been employed in a parameter study of a suspended hydrophone assembly. The example indicates that the nonlinearities introduced by pressure drag forces have a significant effect on the response of the system. For a random sea, the hydrophone response is most strongly a function of the characteristic drag length l* (damping) of the array and the buoy natural frequency. Cable and mass ratios appear to have a secondary affect on the over-all response of the system. 
